The purpose of this study was to assess the value of delayed-enhanced magnetic resonance imaging (DE-MRI) to guide ablation of ventricular arrhythmias in patients with nonischemic cardiomyopathy (NIC).
In patients with ischemic and nonischemic cardiomyopathy, ventricular arrhythmias are often associated with the presence of scar tissue (1) (2) (3) . Whereas scar tissue in postinfarction patients is commonly located in the subendocardium (4) , scar in patients with nonischemic cardiomyopathy See page 1146 is often found in the midmyocardium (4) or the epicardium (5) . Delayed-enhanced magnetic resonance imaging (DE-MRI) precisely defines the extent and location of scar tissue and therefore might be a useful guide to mapping and ablation of ventricular arrhythmias in patients with nonischemic cardiomyopathy.
The purpose of this study was to determine whether DE-MRI is a useful guide to mapping and ablation of ventricular arrhythmias in patients with nonischemic cardiomyopathy.
Methods
Patient characteristics. The subjects of this study were 29 consecutive patients (mean age 50 Ϯ 15 years, 13 women) with nonischemic cardiomyopathy (mean ejection fraction 39 Ϯ 9%) referred for radiofrequency catheter ablation of symptomatic premature ventricular complexes (PVCs) (n ϭ 20), or ventricular tachycardia (VT) (n ϭ 9) ( Table 1) . None of the patients had contraindications for magnetic resonance imaging (MRI). In patients with frequent PVCs, the PVC burden was 29 Ϯ 18% of the total QRS count. Treatment with a mean of 1.5 Ϯ 0.9 antiarrhythmic medications (including amiodarone in 6 patients) had been unsuccessful. All patients underwent DE-MRI before the catheter ablation procedure. Cardiac MRI. The DE-MRI studies were performed on a 1.5-T magnetic resonance imaging scanner (Signa Excite CV/i, General Electric, Milwaukee, WI) with a 4-or 8-element phased-array coil placed over the chest of patients in the supine position. Images were acquired with electrocardiographic gating during breath-holds. Dynamic shortand long-axis images of the heart were acquired using a segmented, k-space, steady-state, free-precession pulse sequence (repetition time 4.2 ms, echo time 1.8 ms, 1.4 ϫ 1.4 mm in-plane spatial resolution, 8-mm slice thickness). Fifteen minutes after administration of 0.20 mmol/kg of intravenous gadolinium DTPA (Magnevist, Berlex Pharmaceuticals, Wayne, New Jersey), 2-dimensional delayed-enhancement imaging was performed using an inversion-recovery sequence (6) (repetition time 6.7 ms, echo time 3.2 ms, in-plane spatial resolution 1.4 ϫ 2.2 mm, slice thickness 8 mm) in the shortand long-axis of the left ventricle at matching cine-image slice locations. The inversion time (250 to 350 ms) was optimized to null the normal myocardium. The DE-MRIs were reviewed for the presence or absence of delayed enhancement by 2 observers blinded to the results of mapping and ablation (Table  2) . Discrepancies were resolved by consensus. Electrophysiologic study and mapping. The study protocol was approved by the Human Research Committee. After informed consent was obtained, a 6-F quadripolar electrode catheter was introduced into the right femoral vein and positioned at the right ventricular apex. Programmed right ventricular stimulation was performed in all patients with 1 to 4 extrastimuli to induce VT. Sustained VT was defined as VT lasting Ͼ30 s or requiring termination secondary to hemodynamic compromise of the patient. In 9 of 28 patients, sustained monomorphic VT could be induced. In these 9 patients a total of 49 distinct, sustained, monomorphic VTs could be induced (mean of 7 Ϯ 7 VTs per patient). The VTs had a mean cycle length of 366 Ϯ 78 ms. Thirteen had a right bundle branch block morphology, and 18 had a left bundle branch block morphology.
Electroanatomical mapping (CARTO, Biosense Webster, Diamond Bar, California) was performed with either a 4-mm-tip ablation catheter (Navistar) or a 3.5-mm-tip, open-irrigation ablation catheter (Thermocool) (both from Biosense Webster). Multielectrode catheters were positioned in the high right atrium, the His position, and the right ventricular apex. Electrograms were filtered at 50 to 500 Hz. The intracardiac electrograms and leads V 1 , I, II, and III were displayed on an oscilloscope and recorded at a speed of 100 mm/s. The recordings were stored on optical disc (EP Med, West Berlin, New Jersey). Depending on the morphology of the targeted ventricular arrhythmias, mapping was performed in the right ventricle (for left bundle branch block ventricular arrhythmias) or the left ventricle (for right bundle branch block arrhythmias). A voltage map was generated during sinus rhythm, followed by activation mapping and/or entrainment mapping of the targeted PVCs or VT in the right or left ventricle, as appropriate.
For PVCs, the site with the earliest local activation time resulting in elimination of the PVC during radiofrequency ablation was defined as critical. For hemodynamically tolerated VT, a site was defined as critical in the presence of concealed entrainment resulting in VT termination during radiofrequency energy delivery or in the presence of termination of a VT by mechanical contact with the mapping catheter. For nontolerated VTs, an isthmus was defined as a site where a match of the QRS morphology between the pace map and the VT could be identified.
Low voltage was defined as a bipolar voltage amplitude of Յ1.5 mV (7). Areas with bipolar voltage Յ1.5 and Յ1.0 mV were measured. Activation time was measured with electronic calipers from the onset of the first rapid component of the ventricular electrogram to the beginning of the QRS complex. If a VT was hemodynamically tolerated, entrainment mapping was also performed. If PVCs were infrequent or if a targeted VT was not hemodynamically tolerated, pace mapping was used to identify the site of origin. In case of left ventricular mapping, a bolus of 5,000 U of heparin was used initially and heparin was then administered to obtain an activated clotting time of 300 s. For right-sided procedures, an initial bolus of 3,000 U of heparin was given followed by 1,000 U of heparin every hour. In case of an epicardial procedure, heparin was only administered after the pericardial puncture was performed.
A 2.5-F electrode catheter (Cardima, Inc., Pathfinder, Fremont, California) was introduced into the coronary venous system in 3 patients in whom an epicardial origin of (Fig. 1 ). On each short-axis DE-MRI image, with reference to long-axis DE-MRI images and short and long axis steady-state, free-precession dynamic images, the following contours were manually traced: the endocardial and epicardial contours of both the left and right ventricles and each area of abnormal signal in the left or right ventricular myocardium. Then, using customized software in the MATLAB environment (MathWorks, Natick, Massachusetts), 3-dimensional (3D) endocardial and epicardial surfaces were generated for both the left and right ventricles. In addition, for each area of abnormal signal in the left and right ventricular myocardium, a 3D surface representation of the distribution of this abnormal signal was produced (Figs. 2A and 2B). This was performed by first transforming the 3D surface map data into volumetric data corresponding to each sur-
Figure 1 Stack of Short-Axis DE-MRI Pictures Showing Delayed Enhancement in the Epicardial Left Ventricular Lateral Wall
Although the free wall is thinned, the endocardium is relatively preserved. The epicardial contours of the scar are traced in dotted lines. An endocardial radiofrequency catheter ablation procedure for VT was unsuccessful. Epicardial ablation successfully eliminated all 3 inducible VTs. DE-MRI ϭ delayed-enhancement magnetic resonance imaging; VT ϭ ventricular tachycardia. face, and importing this 3D volumetric DICOM data into the CARTO MERGE software (Biosense Webster) using its standard volumetric data import functionality. Within the CARTO MERGE software, the 3D surfaces were recreated by segmentation of the imported volumetric data. 3D registration of the MRI surface data (Fig. 2B ) and the electroanatomic mapping data (Fig. 2C ) was initially accomplished using 3 fixed reference points (aorta, left ventricular apex, and mitral annulus) of both MRI data and electroanatomic mapping data, and then refined using surface registration. Mitral annular points sites were selected on the electroanatomic map where both atrial and ventricular signals were present. Using this approach, a 3D registration of both image modalities could be achieved with an accuracy of Ͻ5 mm as assessed by surface registration statistics. The electroanatomic map was then fused to the endocardial surface within the CARTO MERGE software (Fig. 2D) . Radiofrequency ablation. Radiofrequency energy was delivered at sites of earliest endocardial activation during PVCs, at sites with concealed entrainment during VT, or at sites of origin as determined by pace mapping. For nonirrigated catheters, the target temperature was set to 60°C; for irrigated tip catheters, the initial power setting was 30 W; applications of radiofrequency energy were titrated to achieve an impedance decrease of 10 ohms. Ablation was performed during ventricular ectopy or VT whenever possible and energy applications were continued for Ն30 s if adequate heating at the electrode-tissue interface was achieved. If the PVCs or VT ceased within 30 s, the energy application was continued for 60 s and was followed by a second 60-s application. If the PVCs or VT did not cease in Յ30 s, the radiofrequency energy application was discontinued and additional mapping was performed. In the pericardial space, only nonirrigated tip catheters were used with a target temperature of 60°C.
Scar Characteristics of Patients With LV or RV Scar as Detected by DE-MRI
In the coronary venous system, irrigated-tip catheters were used for ablation with an initial power setting of 15 W. After ablation, programmed right ventricular stimulation was repeated. Successful catheter ablation was 
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DE-MRI and Arrhythmia in Cardiomyopathy defined as cessation of the targeted PVCs or the noninducibility of VT. Data analysis. Scar volume (cm 3 ) and endocardial as well as epicardial scar area (cm 2 ) was determined after endocardial and epicardial contours were manually traced and areas with delayed enhancement were identified and traced. Location of scar was classified as predominantly endocardial (Fig. 3) , predominantly epicardial (Fig. 1) , or transmural if endocardial and epicardial areas were involved (Fig. 3) . The intramural scar component was quantified as 100% if there was no extension to epicardial or endocardial surface (Fig. 4) and Ͻ100% in case of extension to endocardium/ epicardium (Fig. 4) . The distribution of areas with delayed enhancement was classified as monofocal ( Fig. 1) or multifocal (Figs. 3 and 4) .
For right ventricular scar, scar was defined as present or absent. If the septum revealed scar on the right ventricular endocardium, this was considered to be right ventricular scar. Follow-up. All patients were seen in follow-up 3 to 6 months after the ablation procedure. Patients with implantable cardioverter-defibrillators were seen every 6 months in a device clinic. The mean duration of follow-up was 19 Ϯ 11 months. Post-ablation antiarrhythmic medication was continued in 4 patients in whom the ablation was considered to be only partially effective (n ϭ 2) or ineffective (n ϭ 2). In the remaining patients, antiarrhythmic medications were not continued. Statistical analysis. Variables are expressed as the mean Ϯ 1 standard deviation. Variables were compared by the Student t test, the Fisher exact test, or by chi-square analysis, as appropriate. If a cell size was Ͻ5, the Fisher exact test was used. Changes in the PVC burden and changes in ejection fraction were assessed by paired t tests. Pearson correlation coefficient (R) was calculated to assess linear relationship between 2 continuous variables. A value of p Ͻ 0.05 was considered statistically significant.
Results

Findings on DE-MRI.
In 14 of 29 cardiac MRIs there was evidence of delayed enhancement in the MRIs (Table  2) . Delayed enhancement was either present in a single focus (n ϭ 6) or was multifocal (n ϭ 8). It affected the left ventricle in all 14 patients; right ventricular involvement was present in 3 of 14 patients. The distribution was predominantly endocardial (n ϭ 7, with intramural extension in 2 of 7), midmyocardial (n ϭ 5), or epicardial (n ϭ 2). If an electroanatomic map was performed in the chamber or surface displaying DE, there was always low voltage present matching with the area of DE ( There is delayed enhancement that is predominantly midmyocardial at the inferior free wall. The scar is intramural (arrows) and extends to the epicardium, with sparing of the endocardium. The scar located at the posteroseptal wall is completely intramural (arrows). Endocardial radiofrequency catheter ablation was unsuccessful in this patient. Limited epicardial mapping from within the coronary sinus did not show early activation during the induced VTs, and mapping was not performed within the pericardial space. Abbreviations as in Figure 1 . 
Relationship between DE-MRI and results of catheter mapping.
All of the patients with inducible VT or a history of sustained VT had evidence of delayed enhancement (Tables 2 to 4 ). In each patient in whom delayed enhancement was present and in whom a critical component of an arrhythmia could be identified, the critical component of the arrhythmia was confined to the scar tissue. Isolated potentials could be identified in all of the patients showing delayed enhancement on the MRI unless the scar was intramural in location. After integration of the scar into the electroanatomic map, activation/entrainment and or pace mapping confirmed that the critical area for ventricular arrhythmias was confined to endocardial scar tissue in 7 of 14 patients (50%) with delayed enhancement. Epicardial mapping and ablation identified critical components of VT confined to epicardial scar in 2 of 14 patients (14%) with delayed enhancement. In 5 of 14 patients (36%) with delayed enhancement, scar was predominantly located intramurally, and an ablation procedure was ineffective.
In the 7 patients in whom ventricular arrhythmias could be identified in an area of endocardial scar, all arrhythmias (VT in 4 patients and PVCs in 3 patients) were confined to the endocardium in 5 of 7 patients. In the remaining 2 patients, although there was an endocardial extension of the scar, the majority of the scar (80%) was intramural in 1 patient and was intramural or extended to the epicardium where mapping was not performed in another patient. Critical areas for arrhythmias (both patients with VT) could be identified at the endocardium for 20 of 33 VTs in both patients. In the 2 patients in whom the scar was limited to the epicardium, 1 had a prior failed ablation. In this patient a transcutaneous puncture of the pericardial space followed by epicardial mapping delineated the epicardial extent of the scar and allowed localization of critical components for all 3
Targeted Arrhythmias With Mapping and Ablation Sites NA ϭ not applicable; PVC ϭ premature ventricular contraction; RF ϭ radiofrequency ablation; VT ϭ ventricular tachycardia; other abbreviations as in Table 2 .
Scar Involvement Relative to Mapped Chamber and Identification of Target Sites inducible VTs. In the other patient, a limited epicardial mapping procedure via the coronary venous system identified the critical area of the VT. A complete epicardial mapping procedure was not required in this patient. In 5 of 14 remaining patients with delayed enhancement, the scar was predominantly intramural with minimal extension of the scar toward either endocardium or epicardium. Mapping within the endocardium failed to identify suitable target sites or areas with isolated potentials in these patients. Acute response to catheter ablation. In 7 of 14 patients with delayed enhancement, in whom there was an endocardial extension of the scar, at least 1 arrhythmia could be ablated from the endocardium (Tables 3 and 4 ). All arrhythmias (VTs in 2 patients and PVCs in 3 patients) could be endocardially eliminated in 5 of 14 patients with delayed enhancement. In the remaining 2 patients with endocardial scar extensions, 20 of 33 inducible VTs could be ablated from the endocardium. In 1 of these 2 patients, the scar was predominantly intramural in location. In the other patient, part of the scar was intramural and epicardial; a limited epicardial map failed to identify any critical epicardial target sites. In this patient, VTs originated from the right and left ventricle and critical sites could be identified endocardially in both ventricles. In 2 of 14 patients with delayed enhancement, the scar was predominantly located in the left ventricular epicardium. An epicardial mapping procedure with transcutaneous epicardial access eliminated all 3 VTs in a patient in whom a prior endocardial ablation procedure failed. A limited epicardial ablation procedure was effective in eliminating the only VT in 1 of the patients when radiofrequency energy was delivered within the greater cardiac vein.
In the remaining 5 of 14 patients with delayed enhancement, in whom the scar was predominantly located intramurally, radiofrequency ablation failed to eliminate the targeted ventricular arrhythmias in all patients (VT in 2 patients and PVCs in 3 patients).
In the 15 patients without delayed enhancement, 9 patients had monomorphic PVCs, and 7 of 9 could be effectively ablated (4 in the right ventricle and 3 in the left ventricle). The remaining 6 patients had pleomorphic PVCs, and at least 1 morphology could be eliminated in all but 1 patient in whom no appropriate target sites could be identified by endocardial mapping. This resulted in a decrease of the PVC burden from 31 Ϯ 17% to 5.2 Ϯ 9% (p ϭ 0.005). VT was not inducible in any of these patients. Follow-up. Total follow-up time was 19 Ϯ 11 months. All but 1 patient (n ϭ 8) with inducible VT received a cardioverter defibrillator. One patient refused implantation of a defibrillator. Six of the 14 patients (43%) with delayed enhancement had recurrent arrhythmias (3 had VT, 3 had PVCs). Recurrences occurred only in patients in whom not all arrhythmias could be eliminated during the initial ablation procedure. Four patients were on amiodarone before the ablation procedure; this was discontinued 6 months after ablation in 1 patient (this was 24 months before his last follow-up); this patient had 1 episode of VT during the follow-up period. In the other patients, amiodarone was continued.
The ejection fraction in patients without delayed enhancement increased from 0.37 Ϯ 0.09 to 0.51 Ϯ 0.17 within 6 months post-procedure (p Ͻ 0.001). In patients with delayed enhancement, the ejection fraction did not change after ablation (0.36 Ϯ 0.09 vs. 0.44 Ϯ 0.12; p ϭ 0.2).
Discussion
Main findings. This study shows that scar tissue can be identified by DE-MRI in approximately 50% of patients with nonischemic cardiomyopathy and frequent PVCs or monomorphic VT. The DE-MRI can be integrated into an electroanatomical map, and the location of the scar is a reliable guide to catheter ablation. If the scar is endocardial, endocardial mapping and ablation will be necessary, and if the scar is epicardial, this indicates that an epicardial approach is very likely to be needed for mapping and ablation. Of note, catheter ablation of frequent PVCs or VT was unsuccessful in all patients who had a predominantly intramural scar. Therefore, an intramural scar on DE-MRI identifies patients in whom the critical arrhythmogenic substrate might be difficult to reach with the catheter technology used in this study. Scar and nonischemic cardiomyopathy. In this consecutive series of patients with nonischemic cardiomyopathy referred for catheter ablation of frequent PVCs or VT, scar was detected by DE-MRI in approximately 50% of patients. These results confirm that scar is present in a large proportion of patients who have ventricular arrhythmias in the absence of coronary artery disease and prior myocardial infarction (1, 2, 9) . However, this is the first study to show that the scar may be directly associated with a critical component of the targeted PVCs or VT, and that the location of the scar facilitates mapping and catheter ablation.
As in prior studies, the inducibility of monomorphic VT correlated with the scar burden (1). This suggests that there may be a threshold of scar volume above which re-entrant VT is likely to occur, as has been reported in patients with ischemic cardiomyopathy (10) . Furthermore, none of the patients without scar had inducible VT despite the presence of a compromised ejection fraction. It must be kept in mind, however, that a reversible form of cardiomyopathy secondary to frequent PVCs might have accounted for a reduced ejection fraction in some of the patients without scar on DE-MRI (11) . Image registration. Pre-procedural scar registration allowed rapid integration of the potential arrhythmogenic substrate into the electroanatomical map of the right or left ventricle. Our study further extends results from a prior study that used positron emission tomography/computed tomography imaging to target ventricular arrhythmias by
